We present a new method of realizing single nanocavities in individual colloidal particles on the surface of silicon dioxide artificial opals using a focused ion beam milling technique. We show that both the radius and the position of the nanocavity can be controlled with nanometre precision, to radii as small as 40 nm. The relation between the defect size and the milling time has been established. We confirmed that milling not only occurs on the surface of the spheres, but into and through them as well. We also show that an array of nanocavities can be fashioned. Structurally modified colloids have interesting potential applications in nanolithography, as well as in chemical sensing and solar cells, and as photonic crystal cavities.
Introduction
Artificial opals made from self-assembled colloidal nanoparticles are of considerable scientific and technological interest as photonic crystals; as components of light sources, solar cells, and chemical sensors; and in the field of plasmonics [1] [2] [3] [4] . While the majority of studies concern spherical nanoparticles, several exciting opportunities arise if the shape and morphology of individual particles can be controlled. Firstly, a monolayer of colloids can be used as a lithographic opal mask [5] . Fabricating an aperture in one sphere in the monolayer adds a finely controlled feature to the mask. If the size, shape and position of the aperture in the mask can be controlled with nanometre precision, detailed structural flexibility beyond the structure of the colloids is obtained. Secondly, if opals are made chemically selective by covering the opal with selfassembled monolayers [6, 7] , a cavity inside one sphere will add size selectivity, since only molecules that fit in the cavity will go inside and bind. Additional local chemical specificity can be introduced at the modified nanostructure by local deposition methods (using e.g. ion beams). Thirdly if an opal is used as a photonic crystal, a single modified colloidal particle in the opal is expected to act as an optical cavity [8] . To the best of our knowledge the controlled modification of the nanostructure of a single colloid in an opal has not been achieved to date.
There are basically two possible routes for obtaining individual modified particles in opals. The first route is modifying individual particles and moving them to their desired position on the opal. Moving and placing such particles with nanometre precision is quite challenging and requires the use of, e.g., robots or atomic force microscopes [9, 10] . The second route is modifying a single colloid a posteriori in an already grown artificial opal.
In this paper we describe a versatile method for modifying the structure of targeted individual silicon dioxide colloidal particles on the surface of opals with controllable features with radii smaller than 40 nm using focused ion beam milling (FIB). With our technique, we mill a circularly shaped material cavity in the colloid, converting the particle into a doughnut-like or bead-like structure. We will refer to these material nanocavities as 'defects' or 'cavities'. We show that we can control both the size and the position of each cavity with nanometre precision. Additionally, we show that not only a single defect, but also an array of single defects can be fashioned in any desired pattern.
Experimental methods
To grow artificial opals we used silicon dioxide or polystyrene colloidal spheres. The silicon dioxide colloids were synthesized with the Stöber method [11] or from microemulsions [12] .
They had radii r = 113 nm (microemulsion), 231 nm, or 343 nm (both Stöber), and size polydispersity = 1%, 4%, and 6% respectively. The polystyrene spheres were purchased from Duke Scientific. They had radii r = 111 nm or 241 nm, and size polydispersity = 2% and 1% respectively. The photonic crystal opals were grown in 300 μm thick glass capillaries under the influence of gravity, yielding relatively thick opals [13] , or by the vertical controlled drying method of Jiang et al, yielding thinner opals [14] .
Prior to milling, carbon was deposited on the surface of the opal with a Polaron SEM coating system operating at a current of 16 A, or with a Bio-Rad E6700 Turbo Coater operating at a current of 50 A. Carbon layers have typical thicknesses of about 10 nm and assist in removing charges from the milled area. The carbon layers were removed after the milling experiments using oxygen plasma from a Nanotech PlasmaPrep 100 with typical parameters: 1 min duration, 60 W forward power, 2 mbar pressure, 50 sccm O 2 flow, and substrate temperature 150
• C. In recent experiments the carbon layers were removed using oxygen plasma from a Tepla 300E with typical parameters: 15 min duration, 300 W plasma power, 1.25 mbar pressure, and 50% O 2 flow.
Defects and arrays of defects were milled using a FEI 'FIB 200' workstation, using a gallium ion beam accelerated at 30 kV and a beam current of 1 pA. The focus of the ion beam has a diameter of about 10 nm. The colloidal spheres were milled with the ion beam by writing square patterns of 50 × 50 nm 2 or 80 × 80 nm 2 , positioned on the centre of the sphere 4 . Total milling times were varied from 5 s up to a maximum of 30 s. In addition the cavities were milled intermittently. This means that after about every 5 s, milling was stopped for a short period (typically a few seconds).
Together with the applied carbon layers, the intermittent procedure promotes redistribution of charges away from the processed area, preventing charge build-up of the milled area which typically results in beam drift and substantial damage to the opal. Before each new milling step, the square pattern used for milling was repositioned on its original position on the milled colloidal sphere. In this manner an array of cavities was milled successfully. In a number of experiments milling was gas enhanced by iodine vapour [15] . This adds a chemical etching component to the process and is normally used to improve aspect ratios of milled features.
Arrays of single defects were also milled using an FEI 'xT Nova Nanolab 600' workstation, using a gallium ion beam accelerated at 30 kV and a beam current of 9.7 pA. The focus 4 Unfortunately this instrument does not allow circular patterns to be written. The defects on this sample were milled in parallel for a total of 1.2 s in four sweeps of 300 ms each, using a circular pattern with a radius of 60 nm. (C) Scanning electron micrograph of a different array of seven milled material cavities on the surface of an artificial opal of silicon dioxide colloidal spheres. The defects on this sample were milled in parallel for a total of 6.3 s, using a circular pattern with a radius of 60 nm. The pattern was displaced with respect to the centres of the spheres and the defects were milled between two spheres. of the ion beam had a diameter of about 20 nm. The defects were milled with the ion beam by writing circular patterns with a diameter of 120 nm, positioned on the centre of the sphere. Arrays were milled either in one sweep or milled intermittently with approximately 10 s between steps. All single defects which were part of the array were milled in parallel.
To image the samples in situ, the imaging functionality of the FEI workstation was used. All other pictures were imaged separately with a LEO 1550 high resolution scanning electron microscope, operating at a low acceleration voltage (1-1.5 kV), a working distance of 3 mm and using the in-lens detector to record the images.
Results
Figure 1(A) shows a high resolution scanning electron microscopy image of three silicon dioxide spheres on an opal, milled with a square pattern of 50 × 50 nm 2 using the FEI 'FIB200' workstation. The spheres have a radius r = 231 nm. The left sphere was milled for 5 s, the middle sphere for 10 s and the right sphere for 15 s. All spheres were milled intermittently with steps of 5 s each. The milled defects are nearly circular in shape, confirming that the beam and stage drifts during milling were small. It seems that milling a square pattern with a higher current of 4 pA yields a square shaped defect, suggesting that at higher milling currents the structural definition of the pattern is improved. However, in these experiments our crystals were easily destroyed since particles were expelled from the surface, resulting in large craters. Therefore milling at this current could not be studied further. The milled cavities are very near to the centres of the colloidal spheres, where we intended to make them. The figure clearly demonstrates that nanocavities were milled successfully. Figure 1(B) shows an array of defects milled with the FEI 'xT Nova Nanolab 600' workstation on an opal grown by the vertical controlled drying method on a glass substrate [14] . The opal consists of silicon dioxide spheres with a radius r = 113 nm. The defects were milled in parallel using circular patterns (r = 60 nm) for a total of 1.2 s. Milling occurred intermittently with a total of four sweeps of 300 ms each. The defects appear to be almost perfectly cylindrical in shape. On the surface, these defects have a diameter of approximately 130 nm. The defect on the bottom left of the array was slightly displaced and overlaps an interstitial. A complete perforation can be observed for four of the defects, since the spheres in the layer below are visible.
Figure 1(C) shows an array of defects milled on the same opal as in figure 1(B) . We displaced the pattern and the defects were milled between two spheres instead of on the centre of a sphere. The defects on this sample were milled in parallel in one milling step of 6.3 s using circular patterns (r = 60 nm). The defects appear to be conical and have a larger base diameter compared to the cylindrical ones shown in figure 1(B) . The larger defect size is explained by the longer milling time. Figure 1(C) shows that it is possible to mill defects in between two touching spheres.
To analyse the structure of the milled features, the sizes of the milled cavities were measured. The cavities are circular on the surface and a white outline of the defect is visible on all scanning electron micrographs. This outline originates mainly from charging effects caused by the electron beam on the curved edge of the defect and delineates where the edge approximately starts. Three different values for the sizes of the cavities were estimated: the diameter of the inner edge D inner , of the outer edge D outer , and of the middle of the white outline of the defect D middle . Diameters of all estimates were measured in four directions: the horizontal, the vertical and both diagonals. These values were averaged and one half of the variation between these values was taken as the statistical error on D inner , D outer and D middle . The mean values for D middle and the extremes D inner and D outer represent the measured defect size, with an upper bounded error bar. In this way the size of the cavity is effectively represented by its white outline. Measured diameters are compared to the set diameter (D set ), which is determined by the square pattern used for milling. In this case D set = √ 2 · a, where a represents the length of the side of the square. For example, a square of a = 50 nm is used to mill a cavity with D set = 71 nm. The measurements at t = 25 s differ from each other, for currently unknown reasons. The open circle at t = 20 s is a suspect data point since the cavity is ellipsoidal due to a faulty milling attempt as a result of strong beam drift. A peculiar observation is that for opals from large colloidal spheres the gas-enhanced etching procedure yielded unsatisfactory results, whilst for opals from smaller spheres, which are more easily destroyed under standard milling conditions, this procedure seems a key to successfully obtaining material cavities. Figure 2(B) shows the measured data for the D set = 113 nm milling experiment on a thick opal. The data shown consist of results from two separate milling experiments, differentiated by open and closed circles. We observe that for milling times longer than 12 s the diameter of the defects starts to increase compared to D set .
From figures 2(A) and (B) we conclude that with increasing total milling time, the resulting cavities become larger for both selected square patterns and for both types of opal. The structures milled with D set = 113 nm start to deviate from D set for milling times of more than 12 s, while the cavities milled with D set = 71 nm are already deviating from D set at t < 5 s. This observation indicates that milling of larger patterns proceeds with more control over the size of the cavity. This may be naively expected because the drift of the ion beam is constant, which means it has a lower relative contribution to the acquired cavity diameter when milling large structures compared to the milling of small structures.
Figure 2(C) shows data acquired from an experiment on a new FEI 'xT Nova Nanolab 600' workstation. During these experiments a milling current of 9.7 pA was used. The figure shows milling results for D set = 225 nm on a thin opal for milling times up to 10 s. Like the results from figures 2(A) and (B), the measured cavity diameter increases slightly with milling time at a rate of less than 10 nm per milled second. The fact that in this set-up the diameter increases almost linearly with longer etching times allows for even better control of the defect geometry. Although currents ten times higher were used for milling, the measured diameters do not show larger increases compared to the experiments shown in figures 2(A) and (B). This result shows that beam drift is still being reduced by the carbon layer on top of the samples.
To investigate how deep colloidal nanoparticles can be milled with a focused ion beam, we have performed additional milling experiments on single spheres on a substrate. Figure 3 shows a polystyrene sphere (r sphere = 241 nm) on a silicon substrate after milling. It is seen that not only is the particle itself milled, but so also is the substrate below; see the arrow. Therefore we conclude that our focused ion beam milling procedure is not only a surface effect: deep material nanocavities are realized, with size aspect ratios of more than 4. The colloidal particles are effectively turned into 'nanobeads'. This result is confirmed by the array shown in figure 1(B) .
Discussion
The size of the milled defects increases with the total milling time. This result is probably due to the small amount of beam drift caused by the continuous charging of the sample during milling, which expands the boundaries of the milled area in time. The increase of defect size could also be due to the variations while repositioning the writing pattern on the milled cavity during every intermittent milling step, which is inherent to the applied method. We observed that milling of larger patterns proceeds with more control over the size of the cavity. This improved control is attributed to (a) a lower apparatus dependent contribution of beam drift and (b) a lower average gallium ion density in the case for milling experiments with larger writing patterns. A lower ion density results in less charge on the milled sphere and therefore reduces the contribution of charge induced beam drift in these cases.
In figure 1 (B) we obtained cylindrical defects with a diameter close to the intended diameter. During this experiment we milled intermittently, which means that the charging of the surface due to the bombardments with ions was strongly reduced. This resulted in less charge induced beam drift. The reduced beam drift may well be responsible for obtaining this result, which is much better when compared to the result from figure 1(C). There the intermittent procedure had not been applied and the defects are conical in shape. Milling intermittently appears to be very important for obtaining a successful milling result; an observation which was confirmed by our experiments on both FIB workstations used.
In [16] it is stated that high resolution applications of focused ion beam milling are in a 'relatively less developed state'. This is confirmed by our experience that milling of the cavities turned out to be unexpectedly challenging when compared to established focused ion beam milling methods [17] . The challenges are due to the combination of the very small size of the feature to be milled, the non-conductive opal substrate, and the substrate being built of loose elements, i.e., the colloids, which repel each other when charged too much by the ions, thereby destroying the artificial opal.
Conclusions
We have presented a method for realizing both single and arrays of material cavities, or defects, in individual colloids on the surface of silicon dioxide artificial opals by a focused ion beam milling technique. The relation between the milled defect size in individual colloidal particles and milling parameters has been established. We show that the size of the defects can be controlled; in particular, defects much smaller than the size of a single sphere have been achieved. Our results thus differ from interesting previous studies where large area modifications have been written in polymeric opal films by electron beams [18] and by laser beams [19] . We conclude that focused ion beam milling allows for much smaller or more detailed cavities than these two techniques. Therefore, the cavities that we fabricated can be used as size-selective chemical binders. We confirmed that milling not only occurs on the surface of the spheres, but into and through them as well. Therefore milled colloids can be used as building blocks of a lithographic mask. To achieve an optical cavity inside a threedimensional photonic crystal we intend to cover a milled point defect, fabricated using the method described in this paper, with additional opal layers.
